Comparative metabolic profiling analysis was performed to investigate light-and aeration-dependent regulation of central metabolism in Euglena gracilis. The metabolic profiles of E. gracilis were significantly altered in response to changes in aeration conditions. While many glycolytic intermediates and amino acids accumulated in aerobically grown E. gracilis, a significant reduction in these metabolites was observed for cells under anaerobic conditions, which resulted in elevated production of wax ester.
Euglena gracilis is a unicellular flagellate that can grow by photosynthesis (autotrophy) and can also metabolize sugars (heterotrophy) under aerobic and anaerobic conditions. It is considered a potentially useful cultivated organism and source of biofuels, because it can synthesize distinct types of macromolecules in response to different cultivation conditions. [1] [2] [3] For example, a remarkable amount of protein and -1,3-glucans are produced by aerobically grown E. gracilis. 3) Under anaerobic conditions, wax esters (composed of long-chain fatty acids and alcohols) are actively synthesized by an unique metabolic process called wax ester fermentation. 2, 4) While regulatory mechanisms responsible for the central metabolism of E. gracilis have been studied by biochemical analysis of enzymes, 5, 6) the metabolic behavior underlying the dynamic shift in central metabolism remains unclear. In this study, metabolic profiling analysis was performed to investigate this mechanism by comparison of the metabolic profiles of E. gracilis grown under three different cultivation conditions. E. gracilis strain Z NIES48 was grown aerobically in a 2-L jar fermenter at 28 C in a previously reported medium containing 2% glucose 7) at an aeration rate of 1.0 vvm with agitation (200 rpm). The culture conditions were essentially identical to those of our previous study, except that the culture was maintained at pH 4:5 AE 0:1 by addition of 2 N potassium hydroxide. Following 72 h of cultivation under light (8,000 lux by fluorescent light) and under dark conditions, cells at the early stationary phase were harvested, and the levels of cell components (including -1,3-glucan, protein, lipid, and wax ester) were determined by methods described previously. 7) No glucose was detected in the medium at harvest. The level of -1,3-glucan in dark-grown cells reached 58%, indicating that excess glucose obtained from the medium was employed for -1,3-glucan biosynthesis (Fig. 1a) . In cells grown under light conditions, the levels of protein and lipid were higher. This probably reflected light-induced development of photosynthetic pathways that synthesize protein and lipid complexes (Fig. 1b) . 8) The results suggested that the direction of carbon flow in these cells was changed by the activation of glycolytic pathways for the upregulation of protein and lipid biosynthesis. 9, 10) In order to determine the effects of light on the regulation of central metabolism, the metabolite compositions of dark-and light-grown cells were compared using a metabolic profiling analysis technique. From 20 mg of freeze-dried E. gracilis cells, metabolites were extracted by the chloroform-methanol-water method, 11) and were subjected to gas chromatography mass spectrometry (GC-MS; Pegasus HT, LECO) 12) and liquid chromatography-tandem mass spectrometry (LC-QqQ-MS; Agilent 6460).
13) The details of the procedures for the multi-targeted metabolic profiling analysis are reported elsewhere. The levels of 57 metabolites were determined from the E. gracilis extracts. Fructose-2,6-phosphate, a key regulator of the glycolytic pathway in E. gracilis, 14) was not identified, probably owing to its low content and instability. Among the metabolites whose absolute concentrations were determined by the external standard method, relatively high concentrations were observed for compounds such as fructose-6-phosphate (F6P), 2-phosphoglycerate (2PG), and pyruvate (Table 1) . The large pool of F6P confirms previous finding that the conversion of F6P to fructose-1,6-bisphosphate (F16P) is a rate-controlling step in the glycolysis pathway. 14) Restriction of glycolysis should contribute to -1,3-glucan biosynthesis in aerobically grown E. gracilis ( Figs. 1 and 2) . Compared with the dark-grown E. gray To whom correspondence should be addressed. Tel/Fax: +81-78-803-6196; E-mail: akondo@kobe-u.ac.jp cilis, the light-grown samples showed lower levels of UDP-glucose, glycerate-1,3-bisphosphate (G13P), 2PG, and ATP. In contrast, the level of pyruvate was significantly increased in light-grown samples, suggesting that the activity of pyruvate kinase (PK), which is responsible for the conversion of phosphoenolpyruvate (PEP) to pyruvate, is upregulated under light conditions. Since the activity of PK in E. gracilis is negatively regulated by ATP, 5, 6) the activation of PK in light-grown cells is probably attributable to reduced ATP levels (Table 1 and Fig. 2) , which upregulate the glycolytic pathway and consequent biosyntheses of lipids and amino acids.
In order to determine the metabolic state under anaerobic conditions, 15) the aeration of dark-grown E. gracilis culture was stopped following 48 h of cultivation, and cells were collected after 24 h additional cultivation. Analysis of the cellular composition showed that large amounts of wax esters had accumulated in the cells under anaerobic/dark conditions, together with reduced levels of -1,3-glucan ( Table 1 ). The metabolic shift indicated that the -1,3-glucan (accumulated during the aerobic growth) had been converted to acetyl-CoA through the glycolysis pathway. From this, a large amount of wax esters was biosynthesized by the unique metabolic pathways of E. gracilis. 4, 16) The results of metabolic profiling analysis indicated that the levels of all glycolytic intermediates had decreased in cells grown under anaerobic conditions (Fig. 2) . The substantial reduction in pyruvate levels suggests that wax ester biosynthesis was significantly upregulated under anaerobic conditions, in which glycolytic intermediates are metabolized to produce wax esters. Furthermore, there was a marked reduction in the accumulation of amino acids, particularly glutamine and glutamate (Fig. 2) . This indicates that in anaerobic culture, E. gracilis restricted amino acid biosynthesis by downregulation of nitrogen assimilation to save consumption of excess ATP and NADH. Indeed, a shortage of cellular energy state was confirmed by the metabolic profiling data: NADH/NAD and NADPH/NADP ratios and ATP levels were significantly deceased in anaerobic cells (Fig. 2) . The metabolic profiling analysis performed in this study highlights the dynamic shift in the metabolic states in E. gracilis cells in response to changes in culture conditions. The results indicate that regulation of PK, amino acid biosynthesis, and wax ester biosynthesis is responsible for the dynamic behavior of central metabolism in E. gracilis. The observation suggests that the metabolic pathways of E. gracilis can be controlled by optimization of cultivation conditions, such as nitrogen starvation, as well as by engineering of the metabolic pathways. For further analysis of the metabolic profile data, additional information, such as gene expression data and the absolute concentration of other metabolites, is required although a functional genomics study of E. gracilis is still in progress. 17) The recent progress in gene expression analysis should make it possible to integrate the metabolic profiling and gene expression data for non-model organisms and thus elucidate the details of the metabolic processes of E. gracilis. The results should facilitate the development of bio-production processes that would take advantage of the unique metabolic pathways of E. gracilis.
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